Acetylsalicylic acid (ASA), also known as aspirin, a classic, nonsteroidal, anti-inflammatory drug (NSAID), is widely used to relieve minor aches and pains and to reduce fever. Epidemiological studies and other experimental studies suggest that ASA use reduces the risk of different cancers including breast cancer (BC) and may be used as a chemopreventive agent against BC and other cancers. These studies have raised the tempting possibility that ASA could serve as a preventive medicine for BC. However, lack of in-depth knowledge of the mechanism of action of ASA reshapes the debate of risk and benefit of using ASA in prevention of BC. Our studies, using in vitro and in vivo tumor xenograft models, show a strong beneficial effect of ASA in the prevention of breast carcinogenesis. We find that ASA not only prevents breast tumor cell growth in vitro and tumor growth in nude mice xenograft model through the induction of apoptosis, but also significantly reduces the self-renewal capacity and growth of breast tumor-initiating cells (BTICs)/breast cancer stem cells (BCSCs) and delays the formation of a palpable tumor. Moreover, ASA regulates other pathophysiological events in breast carcinogenesis, such as reprogramming the mesenchymal to epithelial transition (MET) and delaying in vitro migration in BC cells. The tumor growth-inhibitory and reprogramming roles of ASA could be mediated through inhibition of TGF-β/ SMAD4 signaling pathway that is associated with growth, motility, invasion, and metastasis in advanced BCs. Collectively, ASA has a therapeutic or preventive potential by attacking possible target such as TGF-β in breast carcinogenesis.
For example, a preventive benefit can be accumulated after ≥ 5 years of using a low daily dose of ASA (≤100 mg/day), whereas a higher-risk individual may need a standard dose (300-350/day) or higher (4600 mg/day) of ASA. [9] [10] [11] [12] Although little or no effect was mentioned in other major cancer sites including pancreatic, endometrial, and hematopoietic cancers, [12] [13] [14] recent studies demonstrated that the use of ASA may reduce the risk of the development of pancreatic cancer, 15 and a low dose of nitric oxide-releasing ASA inhibits pancreatic carcinogenesis in mouse models by modulating multiple molecular targets. In BC, compared with other cancers, fewer studies have been documented, and the results of these few studies found less beneficial impact of ASA as compared with colon cancer or GI-related cancers. 12, 14, 16 However, recent studies have found that premenopausal women who took two or more aspirin each week in the years after a diagnosis of early-stage BC had a better prognosis than women who did not take ASA, indicating that ASA use was associated with a decreased risk of distant recurrence and BC death. 17 Thus, we hypothesize that ASA therapy may alter the pathobiological and molecular signatures in BC cells that are associated with drug resistance, disease relapse, or disease progression. To establish the hypothesis, here we provide detailed characterization of the activity of ASA in different BC cells and a mouse xenograft model.
MATERIALS AND METHODS
Regents, Chemicals, and Antibodies Aspirin (ASA) was purchased from Sigma Aldrich (St Louise, MO, USA). A 1M stock solution of ASA was prepared in DMSO and all dosage forms were freshly prepared before each experiment. Dulbecco's modified Eagle's medium (DMEM), penicillin-streptomycin, and trypsin-EDTA solution were purchased from Sigma (St Louis, MO, USA). All other chemicals were obtained from either Sigma or Fisher Scientific (Fisher Scientific, Houston, TX, USA). Fetal bovine serum (FBS) was obtained from HyClone (Logan, UT, USA). Rabbit polyclonal antibodies, such as Oct-4 (2750), CD44 (3578), Caspase-3 (9665), Snail (3879), TGF-β1 (3711), and TGFβIIR were purchased from Cell Signaling Technologies (Beverly, MA, USA), COX-2 (RB-9072) and Keratin-19 (RB-9021) were purchased from Thermo Scientific (Fremont, CA, USA), PCNA (sc-7907), Bax (sc-526), TWIST (sc-15393), and SMAD4 (sc-7966) were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA, USA), and Notch-1 (ab27526) was purchased from Abcam (Cambridge, MA, USA). Monoclonal mouse antibodies such as Bcl-2 (sc-7382) and ADH (sc-133207) were purchased from Santa Cruz Biotechnologies, Vimentin (MS-129) was purchased from Thermo Scientific, E-cadherin (610404) from BD Biosciences (San Jose, CA, USA), and GAPDH from Applied Biosystems (Foster City, CA, USA). The dilution of the antibody was made as per manufacture's recommendations, ∼1:500 to 1:1000.
Cell Lines and Culture Conditions MCF-7 (luminal, ER
+ ) and MDA-MB-231 (mesenchymaltype/basal-type triple-negative BC (TNBC)) BC cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). The cell lines were cultured in DMEM supplemented with 10% FBS, 2 mM glutamine, 100 units/ml penicillin, and 100 units/ml streptomycin (Sigma) at 37°C in an incubator in the presence of 5% CO 2 . For the experiment, cells were used between four and six passages.
Cell Viability Assay
Cells were plated in quadruplicates in 96-well plates and incubated at 37°C with 5% CO 2 overnight for attachment and growth. Approximately 60% confluent cells were treated with different doses of ASA dissolved in DMSO (SigmaAldrich) or DMSO alone (control) for 72 h. Cellular viability was measured using crystal violet-based cell viability and cytotoxicity assay (CytoSelect TM Cell Viability and Cytotoxicity Assay kits, Cell Biolabs, San Diego, CA, USA) as described earlier by Kambhampati et al 18 and Trypan blue exclusion assay (Life Technologies, Grand Island, NY, USA).
Cell Proliferation Assay BC cells (MCF-7 and MDA-MB-231) were seeded at a density of 1 × 10 4 cells/well of 96-well plates containing DMEM with 10% FBS. After attachments, cells were treated with different doses of ASA or DMSO for different times. Cell proliferation was determined by BrdU-ELISAs (colorimetric) according to the manufacturer's instructions (Roche Diagnostics, Indianapolis, IN, USA). Briefly, 3 hours before the indicated time of treatment, cells were treated with BrdU solution (10 μl/well). Following BrdU treatment, cells were incubated with FixDenat solution for 30 min and then incubated with BrdU POD for 90 min at room temperature. Cells were rinsed thoroughly with washing solution and incubated with substrate solution at room temperature and processed for photometric detection.
Apoptosis Assay
Apoptotic cell death in DMSO alone (untreated) and ASA-treated BC cells was determined using cell death detection ELISA kits (Roche Diagnostic). Briefly, untreated and ASA-treated cells were harvested and lysed with lysis buffer. The cytoplasmic supernatant was collected, and the total protein was estimated. A total of 20 μl of cell lysate containing 10 μg of protein was added in the streptavidincoated microplate and allowed to react with 80 μl of buffer mixture containing anti-histone-biotin and anti-DNA-peroxidase for 2 h with continuous shaking. Microplates were washed with incubation buffer. The ABTS (2,2¢-azino-di-(3-ethylbenzthiazoline-6-sulfonic acid)) chromogen substrate was added to get a color reaction that was measured in the ELISA reader at 405 nm.
Western Blot Analysis
The Western blot analyses were conducted as previously described. [19] [20] [21] Briefly, 50 μg total protein was separated by SDS-PAGE and transferred to nitrocellulose membrane (Trans-blot transfer medium, Bio-Rad). The membranes were probed with primary antibodies for a specified period of time as per the manufacturer's instructions. Blots were washed in TBS-T and incubated with secondary antibodies conjugated with horseradish peroxidase for 30 min at room temperature. Immunoreactions were detected with Super Signal Ultra Chemiluminescent substrate (Pierce, Rockford, IL, USA) by using ID Image Analysis software Version 3.6 (Eastman Kodak Company, Rochester, NY, USA). The western blot analysis for stemness markers, which is performed in these studies, is crude indication of stemness.
Immunostaining for Proliferative Index
The proliferative index (PI) in the paraffin-embedded tissue sections of tumor xenografts in nude mice was measured by immunostaining of proliferating cell nuclear antigen (PCNA) followed by counting the immunostained cells (DAB positive) versus hematoxylin-stained cells using software (NIS elements BR 4.13.04) and Image Pro Premier software attached with the Nikon imaging microscope system. The immunostaining was carried out according to our previous method. 22 The PCNA labeling index was calculated as a mean DAB-positive tumor cells/field. The mean and s.d. values were derived from five tumor-bearing animals of each group with at least five sections from each tumor sample. Per mouse/sample, 5-10 PCNA hot spot areas of each section were analyzed.
Anchorage-Dependent Growth (ADG) Assay ASA (5.0 mM) pretreated for 72 h or DMSO alone pretreated (control) BC cells (2 cells/μl) were plated in 6-well plate in triplicate (3-wells/exp). Following seeding, cells were exposed to ASA (2.5-5.0 mM) or vehicle for 7 days and colonies were stained with 0.2% crystal violet in 80% methanol. 23 After taking photographs, the colonies were counted and then they were dissolved in 10% acetic acid and OD was measured at 600 nm using a VMax Microplate Reader with the current version of SoftMax Pro (Molecular Devices).
Anchorage-Independent Growth (AIG) Assay AIG of ASA pretreated and untreated BC cells was assessed by a colony formation assay in soft agar using Cyto-Select 96-Well Cell Transformation Assay Kit (Cell Biolabs, San Diego, CA, USA) following the manufacturer's instructions. In brief, cells (10 4 cells/well) were thoroughly mixed in 2 × DMEM/ 20% FBS containing 0.4% agar and seeded on the top of a layer of 2 × DMEM/20% FBS containing 0.8% agar and were allowed to solidify. After solidification of agar, DMEM/10% FBS with or without ASA was added on the top of the agar. The cells were incubated at 37°C in a humidified incubator with 5% CO 2 in the air. The complete medium was added every day to keep the top layer moist, and 2 weeks later cells were stained with iodonitrotetrazolium chloride for colony visualization and counting. In addition, to measuring AIG, the agar layers were dissolved and lysed. Then, 10 μl of the lysed solutions of each well was mixed with CyQuant and the fluorescence was read at 485/520 nm.
In Vitro Mammosphere Assay A mammosphere assay was performed as described elsewhere 24, 25 with some modifications to overcome the overdose effect of ASA. Briefly, MDA-MB-231 cells or MCF-7 cells were labeled with Nanoshuttle TM -PL (an animal-originfree, polylysine-based nanoassembly that delivers magnetic nanoparticles to cells to manipulate with magnetic field; nano3D Biosciences, TX, USA). Labeled or unlabeled cells were plated as single-cell suspensions (2 cells/μl) in Mammocult medium containing Mammocult proliferation supplements, 4 μg/ml of heparin, and 0.48 μg/ml of hydrocortisone (Stem Cell Technologies) on ultralow attachment plates (Corning, Acton, MA, USA). The single-cell suspension cultures were allowed to grow for different times (see Figure  legends) in the presence or absence of ASA to form mammospheres. Before ASA treatment every day, a magnetic drive was placed underneath the plate containing labeled cells to hold the spheres in place while removing the old media with fresh media containing ASA (5.0 mM) or an equal volume of DMSO (control). The mammosphere formation was observed at different times and photographs were taken using a Leica photomicroscope, and sizes of the mammospheres were calculated using NIS-Elements BR imaging software attached to the microscope.
Limiting Dilution Assay for Sphere-Forming Efficacy In Vitro The limiting dilution assay was performed as described earlier 26 with little modification. Briefly, ASA-or DMSOpreexposed MDA-MB-231 cells were dissociated and seeded with different dilutions in ultralow attachment plates containing 2 ml Mammocult media. After 7 days, numbers and size of spheres were calculated from each dilution.
In Vitro Migration Assay
The chemotaxis assay was carried out using a modified Boyden chamber technique as described previously. 27 Briefly, untreated and ASA-treated BC cells (10 000 cells/well) were added to the upper chambers of the Boyden chambers containing DMEM and incubated without or with 5.0 mM ASA in the lower chamber containing 10% FBS for 24 h at 37°C in a CO 2 incubator. The migrating cells that were attached to the outer surface of the chamber were stained with a crystal violet solution. Crystal violet-stained cells were solubilized with 10% acetic acid and quantitated in Microplate reader at 600 nm using VMax Microplate Reader with current version of SoftMax Pro (Molecular Devices). Three wells were examined for each condition and the experiments were repeated three times.
Luciferase Activity Assay Cultured MDA-MB-231 cells were transfected with pLightSwitch-Prom reporter plasmid containing TGFβ-1 promoter (Switchgear Genomics, CA, USA) or vector alone (negative/ background control), using Neon Transfection System (Life Technologies), following the manufacturer's protocol. Transfected cells were then treated with 5 mM ASA or DMSO alone (controls) for 48 h, and luciferase assay was performed using Dual-Glo Luciferase Assay kit (Promega, WI, USA). Luminescence was monitored by Glomax TM Luminometer (Promega).
Mouse Xenograft Experiment
The animal studies were conducted according to the approved Guidelines of the Animals Care and Use Committee of Kansas City VA Medical Center. Female athymic nude mice (nu/nu) were obtained from Charles Rivers (Wilmington, MA, USA) and maintained in a pathogen-free facility. The mice used for the xenograft studies were 6-8 weeks old. We designed two sets of experiments. To study the therapeutic value of aspirin, MDA-MB-231 cells (1 × 10 6 /mouse) suspended in 0.1 ml PBS and 0.1 ml matrigel were injected subcutaneously (s.c.) into the right hind leg of each mouse (n = 10/group). After development of a palpable tumor, ASA treatment was started. The treatment group received aspirin orally at 75 mg/kg/day for 5 days per week, dissolved in 10 ml of milk (Peptamen (Nestle)) for 12 h during the dark for 15 days. The control group received only milk. The selected ASA dose was the human equivalent dose (HED) of ˂360 mg/60 kg/day human adult, the traditional low-to-moderate dose of ASA prescribed to patients for pains or other pathobiological reasons. The HED was calculated using the following chemical formula: 28 
HED ðmg=KgÞ ¼ Animal doseðmg=KgÞ multiplied by Animal Km=Human Km:
Mouse K m = 3; human K m = 37. As we fed mice 75 mg/kg/day for 5 days per week, the HED would be~360 mg/60 kg/day human adult dose or less. This acute dose can be considered traditional low-to-moderate dose of ASA.
Tumor size was monitored three times weekly. Tumor volume was calculated using Studylog animal study management software (Studylog, San Francisco, CA, USA). After 15 days, mice were killed and tumors were dissected; the weights were measured and stored at − 80°C.
To investigate the protective/preventive role of ASA in tumor development, ASA was administered to the treated group of mice for 10 days, and thereafter tumor cells were injected s.c. into the right hind leg of the mice, and ASA treatment was continued for an additional 15 days. Tumor volume was taken three times weekly as described earlier.
Mice were monitored daily for adverse effects and were killed when any mouse seemed moribund.
Primary Xenograft Cell Culture
The ASA-treated (pre and post) and control (peptamen alone) tumors from xenograft mice were collected and washed in serum-free DMEM, then trypsinized for 3 h and allowed to grow in DMEM containing 10% FBS. Cell morphology was then studied under microscope.
Statistical Analysis
All data are presented as the mean ± s.d. of 'n' independent measurements, as indicated in the corresponding figure legends. Statistical comparisons between treated and untreated control groups were calculated by Student's t-tests using GraphPad Prism6, and multiple groups were determined by ANOVA test. A value of Po0.05 was considered significant.
RESULTS

Dose-Dependent Inhibitory Effect of ASA on BC Cell Viability and Growth Is Mediated via Apoptosis
Previously, it has been reported that therapeutic dose levels between 1 and 5 mM of ASA are ideal for treating chronic inflammatory diseases, [29] [30] [31] [32] whereas a dose of ASA at 2.5-10 mM is required to prevent growth of various cancer cells under tissue culture conditions via possibly inducing pro-apoptotic signals. [33] [34] [35] However, minimum and incomplete information is available about the effect of ASA on human BC cell viability, growth, and differentiation. Thus, we initiated this study with the aim to determine the dosedependent effect of ASA on viability of estrogen receptor (ER)-positive BC cells and TNBC cells. To do so, MCF-7 (ER + ) and MDA-MB-231 (TNBC) cells were exposed to different doses of ASA (ie, 0-5 mM) for 72 h. Cell viability was determined using crystal violet assay. We found that ASA significantly decreased MCF-7 and MDA-MB-231 cell viability in a dose-dependent manner as compared with the control (DMSO alone) group (Figure 1a) . The significant inhibitory effect of ASA was first detected at 1000 μM (0.18 mg/ml) in both cell lines that can be considered as corresponding to low-dose ASA in tissue culture conditions. Inhibition at 50% (IC 50 ) was obtained with a 5 mM dose for MDA-MB-231, whereas lower than IC 50 was observed in the case of MCF-7 cells at 2.5 mM (Figure 1b) . The effect of ASA (5.0 mM) on BC cell viability was further confirmed using Trypan blue exclusion assay (Supplementary Figure S1) . A similar inhibitory effect of ASA was also observed in other cell lines (Supplementary Figure S2) . Interestingly, we found that MCF-7 cells are sensitive to ASA at 50 μM dose, whereas MDA-MB-231 cells are sensitive at 1000 μM. Thus, subsequent studies were carried out at the 2.5 or 5.0 mM dose. The nonsignificant changes in cell viability using crystal violet assay or Trypan blue exclusion assay were observed following ASA treatment in these cells at 24 or 48 h (data not included).
Next, we determined the effect of different doses of ASA on MCF-7 and MDA-MB-231 cell proliferation using BrdU ELISA. We found that ASA at the doses of 2.5 and 5.0 mM Figure S3) . Collectively, these studies indicate that ASA promotes growth arrest (cytostatic) and cell killing (cytotoxic) in BC cells in a dose-and timedependent manner.
To study whether the inhibition of cell viability and proliferation by ASA is because of apoptosis, ELISA-based apoptosis assay was performed. As shown in Figure 1b , ASA significantly increased the apoptotic cell death in a dosedependent manner in both MDA-MB-231 and MCF-7 cells. Next, we ascertained whether ASA modulates the levels of Bax, Bcl-2, and Caspase-3, the prime regulators of apoptosis. To do so, MDA-MB-231 cells were treated with different doses of ASA or DMSO alone (control) for 72 h and levels of Bcl-2, Bax, and Caspase-3 proteins were determined using western blotting. In cells treated with ASA, we observed a significant increase in Bax/Bcl-2 ratio and Caspase-3 levels in a dose-dependent manner in MDA-MB-231 cells as compared with controls ( Figure 1c) . COX-2 protein, which is overexpressed in MDA-MB-231 cells, inhibits apoptosis in various cancer cells through the regulation of multiple pathways including Fas-Caspase-3-mediated apoptosis. [36] [37] [38] Given the constitutive overexpression of COX-2 in MDA-MB-231 cells, we postulated that ASA may negatively regulate COX-2 expression to promote apoptosis signals. However, this is not the case as ASA was unable to regulate COX-2 expression at protein level in MDA-MB-231 cells (Supplementary Figure S4) . Thus, consistent with previous work, [33] [34] [35] it appears that the BC cell death by ASA is mediated by apoptosis through the regulation of Bax/ Bcl2 and Caspase-3 system. Although the role of COX-2 signaling in this event is unclear, the involvement of this signaling pathway cannot be ruled out.
ASA Suppresses BC Tumor Growth in Xenograft Mouse Model
To investigate whether ASA is effective in vivo, we determined the therapeutic effect as well as the protective effect of ASA in a subcutaneous tumor xenograft model of nude mice (Figure 2) . To investigate the therapeutic role of ASA, we considered MDA-MB-231 cells because these cells are very aggressive and generate tumors in the nude mice rapidly without estrogen supplements. Cells (1 × 10 6 cells/mouse) were mixed with an equal volume of matrigel (BD Biosciences), and injected s.c. into the nude mice to develop a tumor. ASA treatment was begun after subcutaneous tumor was palpable (Figure 2a) . Compared with the untreated control mice, the volumes of the tumors in ASA-treated mice were significantly (Po0.001) smaller (~35-60% inhibition) after 15 days of ASA treatment (Figure 2a) , and results are reflected in cell proliferation marker PCNA immunohistochemical analysis in tissue samples (15-day treatment) (Figure 2b ). We found that ASA induced apoptosis in MDA-MB-231 xenograft tumors when we assessed cleaved Caspase-3 by western blotting in 15-day-treated frozen tissues (Figure 2b bottom panel) , suggesting that ASA delayed tumor outgrowth by inducing apoptosis. This mirrors the in vitro sensitivity of ASA in BC cells. To explore the protective role, pre-ASA-treated (10 days before cell inoculation) mice were injected with MDA-MB-231 cells (1 × 10 6 cells/mice) for tumor development and ASA treatment was continued for the next 15 days (Figure 2c) . We found that ASA not only significantly inhibited tumor outgrowth, but also delayed the formation of a palpable tumor (Figures 2c and d) .
TICs/CSCs Are Sensitive to ASA TICs/CSCs seem to be responsible for initiation, metastasis, as well as resistance to chemotherapy. 39, 40 The goal of our ongoing studies is to eradicate BTICs. Thus, we next asked whether ASA might be an inhibitor of BTIC growth. To address this question, first, we determined the effect of ASA (before and after treatment) on ADG of mesenchymal-type/basal-like MDA-MB-231 TNBC cells (Figure 3a) . In an ADG assay, we found large numbers of colonies with high cell density in the control set (C), whereas significantly fewer colonies were formed by pre-ASA-treated (T1) as well as pre-and post-ASAtreated (T2) MDA-MB-231 cells (Figure 3b) .
Next, we determined the ability of MDA-MB-231 cells to grow in an AIG manner in the presence or absence of ASA. We observed that MDA-MB-231 cells, which have efficient colony formation skill in soft agar under normal environment (media containing DMSO only), lost the ability to form colonies after ASA treatment (Figure 3c) . Interestingly, cells that survived from ASA were unable to or minimally able to form colonies on agar after reseeding on agar (data not shown).
Under nonadherent culture atmospheres, MCF-7 (luminallike, ER + ) and MDA-MB-231 (basal-like, TNBC) cell lines are able to form sphere-like structures (mammospheres) 41 that are unique surrogate in vitro assays for the detection of stemness with self-renewal properties. 7 Thus, in order to determine the role of ASA on BITC self-renewal/stemness, we decided to evaluate the effect of ASA on sphere formation. MCF-7 or MDA-MB-231 cells were grown in nonadherent culture atmospheres for 6 and 10 days in the presence or absence of ASA (5.0 mM), and the newly formed mammospheres and their sizes were then counted. Treatment with ASA reduced the number of mammospheres and decreased the size of each sphere in a time-dependent manner as compared with controls ( Figure 4a) . Next, as shown in Figure 4b , MDA-MB-231 cells were treated with ASA (5.0 mM) or DMSO alone (control) for 8 days under regular adherent culture atmospheres. These cells were then grown in nonadherent culture conditions in the absence (PT) or presence (T) of ASA (5.0 mM) for 10 days, and we characterized mammosphere formation in vitro. Both pre-ASA-treated (PT) and pre-and post-ASA-treated (PT+T) cells showed significant reduction in mammosphere formation compared with control cells (Figure 4c) . Moreover, ASA-treated cell-generated mammospheres were markedly smaller than those generated from controlled cells. Next, the primary mammospheres of the control and PT cells were dissociated and plated (2 cells/μl) over multiple passages and the resulting mammospheres were quantified. Expectedly, primary mammospheres of DMSO-controlled derived cells generated almost equal numbers and marginally smaller than secondary mammospheres (Figures 4d and e) , of which dissociated cells formed tertiary mammospheres (data not shown). In contrast, pretreatment of ASA reduces or eliminates the secondary sphere-forming ability of these cells (Figures 4d  and e) , with no generation of mammospheres over successive Aspirin prevents breast cancer cell growth G Maity et al passages (data not shown). Collectively, these studies indicate that ASA prevents BTICs growth in both luminaland basal-type BC cells by blocking self-renewal capacity of these cells. Similar results were obtained when we computed the effect of ASA on sphere-forming efficiency of MDA-MB-231 cells using in vitro limiting dilution assay (Supplementary Figure S5) .
ASA Suppresses In Vitro BC Cell Migration
Because cell migration/motility is intimately wired to invasion and metastatic growth to distant organs, 42 we next sought to determine whether ASA can modulate in vitro BC cell migration. To do so, MCF-7 and MDA-MB-231 cells were preexposed to ASA for 72 h followed by in vitro migration using a transwell Boyden chamber in the presence or absence of ASA as illustrated in Figure 5a . Results showed that migration of MDA-MB-231 and MCF-7 cells were significantly blocked by ASA treatment compared with DMSO controls (Figure 5b) . Interestingly, both MDA-MB-231 cells and MCF-7 cells could not regain their migration property even after withdrawal of ASA for 48 h (Figure 5b, T3) . We also tested the antimigratory role of ASA on other TNBC cells, HCC-70 and 4T1, and we found that ASA significantly decreased migration of these cell lines (data not shown). Therefore, ASA is a potent inhibitor of BC cell migration in vitro. Aspirin prevents breast cancer cell growth G Maity et al Aspirin prevents breast cancer cell growth G Maity et al Aspirin prevents breast cancer cell growth G Maity et al
ASA Alters In Vitro Expression of Epithelial to Mesenchymal Transition (EMT) and Stemness Markers
EMT and cancer stemness, which are possibly overlapping events, are necessary to increase cancer cells' invasion, metastasis, and resistance to drugs, and thus they represent a very promising therapeutic target. 43 Based on our findings (Figures 3 and 4) , we hypothesize that ASA may reprogram EMT to MET. To test the hypothesis we examined the impact of ASA on molecular signatures taken by cancer cells during the EMT reprogramming process. We found that ASA treatment, in a dose-dependent manner, significantly downregulates the expression of mesenchymal markers (ie, vimentin) and stem cell markers (ie, Notch, CD44, ALDH, Snail, TWIST, and Oct4), whereas it upregulates the expression of epithelial markers (ie, Keratin-19 and E-cadherin) in MDA-MB-231 cells or MCF-7 cells or both (Figures 5c and d) . The effect of ASA treatment on Oct4 was drastic in MCF-7 cells at 5.0 mM as compared with MDA-MB-231 cells where the effect was the least, although significant. Although ASA treatment significantly elevated the E-cadherin level in MCF-7 cells (Figure 5d ), no effect of ASA was detected on E-cadherin in MDA-MB-231 cells (data not shown). Regardless of some divergences in the effect of ASA, collectively, these findings suggest that ASA reverses the EMT process in BC cells through reprogramming the molecular paths.
ASA Prevents MDA-MB-231 Tumor Xenograft Cell Migration and Promotes Reprogramming of MET
We determined whether ASA treatment alters the cellular behaviors and reduces the migration potency of MDA-MB-231 residual tumor cells in vitro through the reprogramming of MET. To do so, we isolated tumor cells from both untreated and ASA-treated tumor xenografts, and grew them in appropriate tissue culture media (Figure 6a ). Once the cells reached~75% confluence, we found that untreated cells made several clonal growths in vitro, whereas the clonal growth was dramatically decreased when ASA-treated tumor cells grew (Figure 6bA-C) . Morphologically, under culture conditions, ASA-treated and untreated MDA-MB-231 cells or xenograft tumor-derived cells are very distinct. Untreated cells show spindle-shaped fibroblast-like structure (mesenchymal), whereas ASA-treated cells are more epithelial like in structure (Figure 6b (inset) and Figure 6c ). To determine the in vitro migration of xenograft-derived cells, we reseeded them on a modified Boyden chamber for in vitro migration assay (Figure 6a) . We found that ASA-treated cells less effectively migrate toward the serum as compared with untreated cells (Figure 6d) . Next, EMT markers in tumor lysates from the untreated and ASA-treated mice were analyzed by western blotting. We found that the expression of mesenchymal and stemness protein markers (ie, vimentin, Oct4, and CD44) were significantly reduced in all ASA-treated samples as compared with untreated controls where these proteins were upregulated in all samples (Figure 6e and Supplementary Figure S6) . In contrast, epithelial markers like keratin-19 were upregulated in the ASA-treated tumor samples as compared with controls. Collectively, these findings indicate a preventive role of ASA on BC progression through reversing the EMT reprogramming.
ASA Suppresses TGF-β Signaling in BC Cells TGF-β can behave as both a tumor suppressor and a tumor promoter. In human cancers they often become resistant to TGF-β growth inhibition, and secrete elevated levels of this growth factor. 44, 45 At this point, the role of TGF-β switches to a tumor promoter. It is now well accepted that during early stage of breast tumor growth, TGF-β functions as tumor suppressor, whereas at an advanced stage there is a switch of TGF-β function toward malignant progression that increases invasive phenotypes and metastasis (reviewed in 46 ). Moreover, TGF-β signaling plays an essential role in promoting self-renewal of cancer-initiating cells. 47 Given the importance of the role of TGF-β-signaling in BC progression, we sought to determine whether ASA can regulate TGF-β and its receptor TGF-βRII production in BC cells. To do so, we first treated MDA-MB-231 cells with ASA (5.0 mM) for 72 h, and the productions of TGF-β and TGF-βRII were determined using western blotting. We noticed a significant reduction in TGF-β production in ASA-treated MDA-MB-231 cells as compared with controls ( Figure 7a ). However, ASA had no effect on TGF-βRII production ( Figure 7b ). Next, we investigated whether induction of TGF-β was at the transcriptional level. To do so, MDA-MB-231 cells were transiently transfected with a reporter plasmid driven by the TGF-β1-promoter or vector alone, and the effect of ASA was determined using luciferase assay. ASA treatment (5 mM/ 48 h) significantly reduced the constitutive TGF-β promoter activity in MDA-MB-231 cells (Figure 7c ), suggesting that ASA-mediated reduction of TGF-β was at the transcription level. Finally, we sought to determine the effect of ASA on SMAD4 production that is downstream of TGF-β and plays a critical role in EMT and metastasis of BC cells. 48, 49 We found that SMAD4 production was blocked by ASA treatment (5 mM/48 h) in MDA-MB-231 cells (Figure 7d) . Collectively, these studies indicate that ASA suppresses TGF-β-signaling in MDA-MB-231 BC cells.
ASA Inhibits BTIC Self-Renewal and Migration via TGF-β Signaling Based on the data of Figure 7 , we hypothesized that ASA-induced inhibition of the self-renewal capacity of BTICs could be mediated through the regulation of TGF-β signaling. To assess this, we plated MDA-MB-231cells (2 cells/μl) that were preexposed to ASA or DMSO alone (control) in the presence or absence of human recombinant TGF-β protein (hrTGF-β; 10 ng/ml) and then characterized the mammosphere formation ability of these cells. We found that ASA-treated cells, as expected, formed significantly fewer Aspirin prevents breast cancer cell growth G Maity et al spheres with smaller diameters as compared with controls (Figures 8a-c) . The treatment of hrTGF-β protein suppresses the ASA effect, and cells regain their sphere-forming ability. The cells treated with hrTGF-β alone also showed significant enhancement in sphere-forming ability compared with controls ( Figure 8c ). Next, we examined the effect of hrTGF-β protein on stem cell/mesenchymal protein markers in ASA-preexposed cells. The treatment of hrTGF-β protein drastically recovers the expressions of CD44, ALDH, and vimentin in ASA-exposed MDA-MB-231 cells where 
DISCUSSION
In this study, we demonstrate that ASA not only suppresses ER-positive and TNBC cell growth in vitro and in vivo by inducing apoptotic pathways, but also suppresses the growth of TICs/CSCs that are often considered residual cells, because after conventional therapy, these cells display mesenchymal and tumor-initiating landscapes and relapse. 7, 8, 50 The growth-inhibitory effect of ASA is more pronounced in vivo as compared with tissue culture setup with unknown reasons. In addition, ASA reverses EMT to MET through triggering molecular reprogramming switch in BC cells. These entire events could be mediated via regulation of TGF-β signaling.
There is an increasing body of evidence indicating a link between ASA intake and a reduction in BC risk in pre-and post-menopausal women. 51, 52 The results of in vitro as well as animal studies also found an association between ASA use and growth inhibition of BC cells. 33, 53, 54 Ironically, the results from clinical and preclinical studies are inconsistent, 52 ,55 and thus a dilemma emerged about the role of ASA in prevention or delaying BC growth. Given the importance of this dilemma, we investigated the impact of ASA on different BC cell growth. We show that ASA promotes growth arrest and cell killing (ie, cytostatic and cytotoxic) in different BC cell lines in a dose-and time-dependent manner ( Figure 1 and Supplementary Figure S3) . The cytostatic and cytotoxic effects were first identified at 1 mM dose of ASA beginning at 72 h. Moreover, the growth-inhibition effect of ASA (75 mg/ kg body wt/day for 5 days per week) was also detected in MDA-MB-231 tumor xenografts (Figure 2) . Importantly, these studies uncover two vital facets of ASA action. These include: (1) ASA is more effective in vivo as compared with tissue culture setup and (2) ASA delays tumor growth efficiently in preexposed mice as compared with postexposed mice. Thus, our study is consistent with recent observations, 12,56 and we predict that ASA treatment, possibly chronic low dose, may significantly reduce or delay BC growth irrespective of the subtypes (ie, ER positive or TNBC).
Mechanistically, it has been proposed that the anticancer effect of ASA is mediated through COX-dependent 36, 37, 57, 58 and -independent pathways. 53, 54, 59 Recent studies have shown that MCF-7 mammospheres are insensitive to the cyclooxygenase pathway, and the COX-2 inhibitor (Indomethacin) was unable to reduce the mammosphere-forming capacity of MDA-MB-231 cells. However, these studies also showed that prostaglandin E receptor, which is a downstream regulator of COX-2 enzyme, plays critical role in regulation of stemness of BC cells. 60, 61 We found that ASA was unable to regulate COX-2 expression at the protein levels in Aspirin prevents breast cancer cell growth G Maity et al Figure S3) . Therefore, from these collective studies, we neither strongly support the involvement of COX-2 signaling nor are able to exclude that the COX-2 protein might not play any role in the growth of BC cells or breast tumor-initiating cells or both. Further studies are warranted that are in progress in our laboratory. However, the present studies indicate that ASA induces Caspase-3-derived apoptotic death in BC cells (Figures 1 and  2) . Based on these studies we can suggest that ASA-induced apoptotic cell death could be mediated through affecting mitochondrial functions via COX-2-independent or -dependent pathway. 53, 62 A small subpopulation of BC cells, considered BTICs or BCSCs, 7,39 may resist chemotherapy, and thus in the long run, these residual cells may reinitiate tumor growth. 7, 63 This subpopulation of BC cells are CD44 positive (CD44 +/+ ) with less or no CD24 (CD24 low/ − ) and typically express multiple nonepithelial protein markers associated with EMT and stemness. 39, 64 They can propagate to form clonal growth and mammospheres in vitro that are surrogate detection methods for cancer stem cell properties. 7, 24, 65, 66 Our studies found that ASA significantly reduced clonal growth (Figure 3) , blocked self-renewal of BTICs (Figure 4) , reprogrammed the mesenchymal to epithelial transition ( Figures 5 and 6) , and reduced aggressive behavior of residual BC cells. However, the precise mechanisms of ASA action on regulation of pathobiological behavior of BTICs/BCSCs are still unidentified.
MDA-MB-231 BC cells (Supplementary
Despite functioning in the role of tumor suppressor, TGF-β also strongly manifested that TGF-β signaling is responsible for tumor progression through promoting the self-renewal capacity of BCSCs and EMT, the acquisition of an invasive phenotype, and metastatic behavior. 44, 47 The tumorpromoting behavior of TGF-β is a complex 67, 68 and still an undefined process. 44 Previous studies in a frequently used TGF-β-induced EMT model showed that Smad signaling was critical in TGF-β-induced EMT and aggressive phenotypes. 69, 70 In addition, a previous study demonstrated that SMAD4 plays a vital role in TGF-β-mediated breast tumor progression. 48 Our findings demonstrate that ASA significantly blocks both TGF-β and SMAD4 productions in MDA-MB-231 cells parallel with inhibition of self-renewal capacity and migration ( Figures 5,6,7) . The antitumorigenic effects of ASA can be blocked by exogenous addition of hrTGF-β ligand (Figure 8 ). Thus, we can postulate that ASA-induced inhibition of the self-renewal capacity of BTICs/ BCSCs and their migration promotes reprogramming of MET, and it could be mediated through the suppression of the TGF-β/SMAD4 signaling pathway (Figure 8) . However, the mechanism of action of regulation of TGF-β-signaling by ASA is still unclear. Recently, it has been postulated that circulating cancer cells can activate platelets to secrete α-granules that are rich sources of EMT-inducing growth factors including TGF-β, and that this can be inhibited by ASA because of COX-1 inhibition. 71 As COX-1 is abundantly expressed in human breast tissue samples and cell lines, 72 we can anticipate that COX-1 may play critical role in the regulation of TGF-β by ASA. However, more investigations are warranted.
Collectively, our studies elucidate previously unrecognized actions of ASA in controlling the tumor-initiating properties as well as propagation of BC cells. Moreover, these studies shed light on how ASA treatment can orchestrate and reprogram sophisticated regulation in complex BC cell-fate decisions and make them less aggressive so that they die.
